Engineered tissue grafts have been manufactured using methods based predominantly on traditional labourintensive manual benchtop techniques. These methods impart significant regulatory and economic challenges, hindering the successful translation of engineered tissue products to the clinic. Alternatively, bioreactor-based production systems have the potential to overcome such limitations. In this work, we present an innovative manufacturing approach to engineer cartilage tissue within a single bioreactor system, starting from freshly isolated human primary chondrocytes, through the generation of cartilaginous tissue grafts. The limited number of primary chondrocytes that can be isolated from a small clinicallysized cartilage biopsy could be seeded and extensively expanded directly within a 3D scaffold in our perfusion bioreactor (5.4 ± 0.9 doublings in 2 weeks), bypassing conventional 2D expansion in flasks. Chondrocytes expanded in 3D scaffolds better maintained a chondrogenic phenotype than chondrocytes expanded on plastic flasks (collagen type II mRNA, 18-fold; Sox-9, 11-fold). After this "3D expansion" phase, bioreactor culture conditions were changed to subsequently support chondrogenic differentiation for two weeks. Engineered tissues based on 3D-expanded chondrocytes were more cartilaginous than tissues generated from chondrocytes previously expanded in flasks. We then demonstrated that this streamlined bioreactor-based process could be adapted to effectively generate up-scaled cartilage grafts in a size with clinical relevance (50 mm diameter). Streamlined and robust tissue engineering processes, as the one described here, may be key for the future manufacturing of grafts for clinical applications, as they facilitate the establishment of compact and closed bioreactor-based production systems, with minimal automation requirements, lower operating costs, and increased compliance to regulatory guidelines.
Introduction
Autologous chondrocyte implantation (ACI) and the second generation matrix-assisted ACI have long been established in the clinic for the repair of cartilage injuries. However, as these products are manufactured with minimal in vitro pre-cultivation times, they contain little to no extracellular matrix (ECM) and, therefore, lack the complex biological and mechanical signals which can be delivered by a more developed tissue graft.
Our laboratory has recently conducted a clinical trial based on engineered cartilage tissues containing abundant extracellular matrix, for treatment of cartilage lesions (Pelttari et al., 2014) , with the ultimate goal of reducing rehabilitation time and generating a more durable long-term repair (Pelttari et al., 2009) . While this clinical trial has demonstrated the safety, feasibility, and preliminary evidence of the efficacy of the tissue grafts, the manufacturing processes used to produce the engineered grafts were based on traditional bench-top manual culture methods. These manual procedures require a large number of labour-intensive manipulations that possess risks for contamination and introduce intra-/inter-operator variability, ultimately posing challenges towards regulatory compliance (Mason and Hoare, 2006) . Moreover, the manual production of tissue grafts imparts limits with regards to up-scaling production volumes and ultimately results in high manufacturing costs in the long-term. As an alternative, bioreactor-based production systems, which automate and control the various bioprocesses, have the potential to overcome the limitations associated with conventional manufacturing methods (Martin et al., 2004; Ratcliffe and Niklason, 2002; Ratcliffe et al., 2011) . However, a manufacturing process based on multiple independent and dedicated bioreactor systems (e.g. one to automate cell expansion and one to automate tissue culture) may be unable to demonstrate cost-benefit due to high development, capital, and operating costs. Ideally the entire manufacturing process would therefore be controlled within a single closed system, minimising any user interventions. However, the development of a fully automated and closed manufacturing system will likely require new and innovative concepts that not only replicate the often inefficient manual processes (e.g. by a robotic system), but instead simplify and streamline the conventional tissue engineering procedures .
In this work, we have developed an innovative manufacturing approach to produce engineered human cartilage tissue within a single bioreactor system, from the introduction of primary chondrocytes freshly isolated from a biopsy, until the generation of a cartilaginous tissue B Tonnarelli et al.
Streamlined production of human cartilage tissues graft ( Fig. 1 ). To validate this approach, we first aimed to determine whether a limited number of primary human chondrocytes, which can be isolated from a clinically relevant sized cartilage biopsy, could be extensively expanded directly within a 3D scaffold in a perfusion bioreactor, thereby eliminating the conventional labourintensive process of cell expansion in plastic dishes. Following this phase of "3D cell expansion", we next aimed to differentiate the 3D expanded cells within the bioreactor, to generate a cartilaginous tissue. Finally, we assessed whether this novel bioreactor-based cartilage engineering process could be effectively translated to the production of large-sized human cartilage grafts with clinically relevant dimensions (50 mm diameter × 3 mm thick). The streamlined process we describe here could serve as the basis of a cartilage graft manufacturing system that minimises the number of manual processes, thereby facilitating a simple, compact, and closed bioreactor design with limited automation requirements, and with the likely result of lower operating costs and increased compliance to safety guidelines.
Materials and Methods

Isolation of primary chondrocytes
Human articular cartilage samples were collected post mortem (within 24 h), with informed consent and in accordance with the local Ethical Commission, from the knee joints of 8 donors (mean age 57 ± 6 years). Osteochondral samples (2-3 cm diameter, 1-2 cm thick) were dissected from the condyles of cadaveric joints using a surgical chisel. Cartilage tissues that macroscopically appeared healthy (i.e. white and smooth) were successively sliced from the subchondral bone with a scalpel, extensively rinsed with saline solution, and chopped into small pieces. Human articular chondrocytes (HAC) were isolated using 0.15 % type II collagenase for 22 h and resuspended in Dulbecco's modified Eagle's medium ("high glucose" 25 mM) containing 10 % foetal bovine serum, 4.5 mg/ mL D-glucose, 0.1 mM nonessential amino acids, 1 mM sodium pyruvate, 100 nM Hepes buffer, 100 U/mL penicillin, 100 ug/mL streptomycin, and 0.29 mg/mL L-glutamine ("Complete Medium"). Primary HAC were counted (average 2.9 ± 0.1 × 10 6 cells/gram of biopsy) and directly used for the following experimental groups.
Fig. 1.
The conventional approach to producing cell-based grafts has been based on traditional manual benchtop techniques. These procedures require a large number of manual and labour-intensive manipulations, ultimately posing significant challenges in terms of quality, safety, standardisation, regulatory compliance, and costs. As an alternative, we present a novel streamlined tissue engineering strategy to engineer cartilage tissue within a single bioreactor system, starting from freshly isolated primary chondrocytes, through the generation of a cartilaginous tissue graft. The simplified streamlined process facilitates the development of a simple, compact, and closed bioreactor design with minimal automation requirements, and with the likely result of lower operating costs and increased compliance to safety guidelines.
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Streamlined engineered large-scale cartilage As proof-of-principle, we next assessed whether the streamlined cartilage engineering process could be effectively translated to the production of large-size human cartilage grafts with dimensions of clinical relevance. For this purpose, we used a perfusion bioreactor system previously developed for the engineering of large-scale human cartilage grafts, which was previously validated by seeding and re-differentiating a high density of 2D expanded HAC (Santoro et al., 2010) . Using the upscaled bioreactor, 10 6 freshly isolated primary HAC were perfusion seeded into a Hyaff-11 mesh (50 mm diameter × 3 mm thick) at a superficial velocity of 1 mm/s for 16 h. Following perfusion seeding, constructs were perfused with proliferating culture medium (n = 4 experiments, n = 6 constructs total) at a superficial velocity of 10 µm/s. The number of cells within each 3D construct was nondestructively and non-invasively assessed throughout the proliferation phase using a method previously developed for small research-scale cartilage constructs, which was based on measurements of dissolved oxygen in the perfused culture medium (Santoro et al., 2011) . Briefly, disposable chemo-optic flow-through micro-oxygen sensors (FTC-PSt-3; PreSens GmbH, Regensburg, Germany) were connected to the top and bottom of the bioreactor scaffold chambers. Dissolved oxygen concentrations at the inlet and at the outlet of perfused constructs were measured every 10 min. Based on the previously established linear correlation, the drop in oxygen across the perfused construct (i.e. ΔO 2 = C (Oxygen, inlet) − C (Oxygen, outlet) ) was then used to estimate the number of cells within each 3D construct. Using this method, instead of implementing a fixed endpoint based on culture time, the 3D expansion phase was continued in the bioreactor until the oxygen measurements predicted a total of 5 × 10 7 cells within the construct. This number of cells was based on the number of 2D expanded HAC seeded in the manufacture of cartilage grafts for clinical use (Albrecht et al., 2011) . After reaching the target number of cells, constructs remained within the bioreactor and the oxygen tension and culture medium were changed to support chondrocyte differentiation ("Up-scaled 3D+Perfusion"; n = 2 experiments, n = 2 constructs total). As controls, in two experiments, largescale constructs were also generated using the conventional manual processes ("Up-scaled 2D+Static"). HAC were expanded for two passages in 2D monolayer culture and statically seeded into the large size Hyaff-11 meshes (5 × 10 7 expanded HAC per mesh). Cell seeded meshes were then cultured statically in dishes in differentiating medium and 5 % oxygen for 2 weeks. Constructs were assessed histologically and biochemically. To assess the homogeneity of extracellular matrix deposition within the large-scale constructs, 6 mm-diameter specimens were randomly punched from six locations and assessed biochemically.
Construct characterisation Histological and immunohistochemical analyses
Constructs were fixed in 4 % paraformaldehyde, dehydrated, and embedded in paraffin. 5 µm sections were cut and analysed histologically and immunohistochemically.
Sections were stained with Safranin-O (Sigma-Aldrich, Buchs, Switzerland), with haematoxylin counterstaining, to visualise glycosaminoglycan (GAG). For immunohistochemical analysis, upon rehydration in an ethanol series, sections were subjected to enzymatic digestion (hyaluronidase and pronase). Sections were labelled with primary antibodies against collagen type I and type II (MP Biomedicals, Illkirch Cedex, France), and incubated for 2 h at room temperature. The immunobinding was detected with biotinylated secondary antibodies and by Vectastain ABC kit (Vector Laboratories, Peterborough, UK). The signal was developed with Vector Red Substrate kit (Vector Laboratories) as per manufacturer instructions, with haematoxylin as counterstaining. Negative controls were included for each analysis, omitting the primary antibodies.
Biochemical analyses
Engineered constructs were digested with protease K solution (1 mg/mL protease K in 50 mM Tris with 1 mM EDTA, 1 mM iodoacetamide, and 10 µg/mL pepstatin-A for 15 h at 56 °C) as previously described (Hollander et al., 1994) . DNA was quantified with the CyQUANT ® Cell Proliferation Assay Kit (Molecular Probes, Eugene, OR, USA), with calf thymus DNA as a standard. The number of population doublings during 3D expansion was calculated from the amount of DNA quantified in the engineered constructs after expansion and the amount of DNA quantified in an aliquot of the cell suspension that was initially seeded into the scaffold. GAG accumulated within the constructs was quantified with the dimethylmethylene blue colorimetric assay, with chondroitin sulphate as a standard (Farndale et al., 1986) .
Quantitative real-time RT-PCR
Total RNA was extracted from cells using Trizol (Invitrogen, Carlsbad, CA, USA), treated with DNAse and retrotranscribed into cDNA, as previously described (Frank et al., 2002) . Real-time reverse transcriptase-polymerase chain reaction (RT-PCR; 7300, Applied Biosystems, Waltham MA, USA) was performed as previously described (Barbero et al., 2003) to quantify expression levels of mRNA using the ΔCt method. 18S was used as housekeeping gene to normalise the expression of the genes of interest, namely collagen type I ("CI"), collagen type II ("CII"), and SOX-9.
Statistical analysis
Values are represented as mean ± standard deviation. Differences between the experimental groups were evaluated by non-parametric Mann Whitney U tests and considered to be statistically significant with p ≤ 0.05.
Results
HAC expansion
Starting from the very low number of HAC that can be obtained from a clinically relevant sized cartilage biopsy, freshly isolated primary HAC could be extensively expanded directly within the 3D scaffold. During 7 d of proliferation in the bioreactor, HAC expanded on 3D Hyaff-11 meshes underwent 1.4 ± 0.6 population doublings, which was significantly slower (p = 0.0075) than HAC expanded on 2D Plastic (2.9 ± 0.6 doublings) ( Fig. 2a ). However, after two weeks, the number of population doublings were not significantly different (p = 0.18) for HAC expanded on 3D Hyaff-11 meshes (5.4 ± 0.9 doublings) or 2D Plastic (6.5 ± 1.2 doublings). HAC expanded on 3D Hyaff-11 meshes reached an average density of 7.4 × 10 6 cells/cm 3 . HAC expanded in 3D Hyaff-11 meshes had significantly higher mRNA expression of collagen type II (18-fold, p = 0.050) and Sox-9 (11-fold, p = 0.050), but similar expression of collagen type I (p = 0.83), as compared to HAC expanded on conventional 2D plastic ( Fig. 2b,c,d) .
Expansion of primary HAC on 2D membranes of the Hyaff-11 biomaterial for 2 weeks yielded a heterogeneous population of cells with both rounded and fibroblasticlike morphologies. In contrast, HAC expanded on 2D plastic flasks were homogeneously fibroblastic-like in morphology. HAC expanded on membranes of 2D Hyaff-11 had 4-fold higher expression of collagen type II (p = 0.0495), but statistically insignificant differences in the expression of Sox-9 (p = 0.275) and collagen type I (p = 0.51) as compared to HAC expanded on conventional 2D plastic ( Fig. 3 ).
HAC differentiation
Following 2 weeks of 3D expansion and 2 weeks of differentiation in the bioreactor, the 3D+Perfusion (a) 3D+Perfusion constructs stained slightly more intensely for GAG but had similar staining patterns and intensities for collagen type II and collagen type I than 2D+Perfused constructs. 3D+Perfusion and 2D+Perfusion constructs were more uniformly and intensely stained for GAG and collagen type II than 2D+Static constructs. Note: Fibres of the Hyaff-11 mesh non-specifically stain for Safranin-O, collagen I, and collagen II in 2D+Static and 2D+Perfused constructs. However, likely due to enhanced degradation of the fibres during prolonged perfusion, Hyaff-11 fibres in 3D+Perfused constructs were not stained. The negative control for immunohistochemistry is included as an insert in the image of 2D+Static collagen type I staining. Scale bar = 100 µm. (b) Quantification of GAG indicated that 3D+Perfusion constructs had significantly higher levels of GAG/DNA than the other two experimental groups. (c,d) Expression levels of collagen type II and collagen type I were significantly higher in 3D+Perfusion constructs than for the other two experimental groups. * indicates statistical significance with p ≤ 0.05.
constructs contained rounded cells embedded within extracellular matrix intensely stained for GAG and collagen type II (Fig. 4a ). Compared to 3D+Perfused, constructs perfusion-seeded with 2D expanded HAC and perfusion cultured for 2 weeks in the bioreactor (2D+Perfusion) stained slightly less for GAG but had similar staining patterns and intensities for collagen type II and I. Constructs generated by the conventional approach (2D+Static) contained cells and matrix stained faintly for GAG and collagen type II at the periphery of the scaffold but contained a large necrotic inner region void of cells and extracellular matrix. All constructs stained positive for collagen type I with similar intensities. Quantification of GAG indicated that 3D+Perfusion constructs contained significantly more GAG/DNA (12.8 ± 1.7 µg/µg) than 2D+Perfusion (9.0 ± 0.6 µg/µg) or 2D+Static constructs (6.1 ± 3.5 µg/µg) (p = 0.014, p = 0.014; respectively) ( Fig.  4b) . Expression levels of collagen type II and collagen type I were significantly higher in 3D+Perfusion constructs as compared to 2D+Perfusion constructs (CII: 17-fold, p = 0.02; CI: 86-fold, p = 0.02) and 2D+Static constructs (CII: 22-fold, p = 0.02; CI: 360-fold, p = 0.008) ( Fig. 4c,d ).
Large-scale cartilage grafts
Starting from the clinically relevant low cell seeding density, primary HAC could also be extensively expanded directly within the large 50 mm diameter Hyaff-11 meshes.
The predetermined target cell number of 5 × 10 7 HAC (8 x 10 6 cells/cm 3 ) could be reached in 14 to 24 d of 3D expansion, depending on the HAC donor. The number of HAC quantified in the constructs at the end of the expansion phase was similar to the number of HAC predicted from (c) Following the 2 week differentiation phase in the bioreactor, constructs engineered by the streamlined process (Up-scaled 3D+Perfusion) stained positively and rather uniformly for GAG and collagen type II. In contrast, large-scale constructs generated by the conventional manual production procedures (Up-scaled 2D+Static) were highly inhomogeneous and contained large necrotic/void regions. Note: Fibres of the Hyaff-11 mesh non-specifically stain for Safranin-O, collagen I, and collagen II in Up-scaled 2D+Static constructs. However, likely due to enhanced degradation of the fibres during prolonged perfusion, Hyaff-11 fibres in Up-scaled 3D+Perfused constructs were not stained. Scale bar = 100 µm. (d,e,f) Up-scaled 3D+Perfusion constructs had higher expression of collagen type II, Sox-9, and collagen type I than Up-scaled 2D+Static constructs.
B Tonnarelli et al. Streamlined production of human cartilage tissues non-invasive oxygen measurements ( Fig. 5a ), differing by an average of 11 % ± 3 %. Considering that we did not observe significant differences in population doublings at 14 d between 2D Plastic and 3D Hyaff-11 meshes in the small research-scale experiments, 2D population doublings were not assessed during the up-scaled experiments.
Following the 2-week phase of differentiation in the upscaled bioreactor, Up-scaled 3D+Perfusion constructs (Fig. 5b ) stained positive and rather uniformly for GAG, collagen type II, and collagen type I (Fig. 5c) . In contrast, Up-scaled 2D+Static constructs generated by the conventional manual production procedures (i.e. static seeding, 2D expansion, and static culture) were highly inhomogeneous and contained significant necrotic/void regions. In order to quantify the homogeneity/variability of GAG accumulated within the large diameter up-scaled constructs, six specimens were punched out of each construct at various radii and assessed biochemically. The coefficient of variation was calculated among the six specimens punched from each construct and was used as a measure of construct variability. The average GAG/ DNA within Up-scaled 3D+Perfused constructs was 8.34 ± 4.27 µg/µg, with a coefficient of variation of 28 % ± 8.5 % among specimens sampled within each construct. The GAG/DNA within Up-scaled 2D+Static constructs was 11.71 ± 4.27 µg/µg, with a coefficient of variation of 50 % ± 7 % among specimens sampled within each construct. However, as specimens were punched through the crosssection of the constructs, the variability along the depth of the statically cultured constructs (i.e. necrotic centre) is not accounted for by the calculated coefficient of variation. Expression levels of collagen type II and collagen type I were consistent with results obtained in the small-scale model system. Up-scaled 3D+Perfusion constructs had higher expression of collagen type II (3200-fold), Sox-9 (750-fold), and collagen type I (4500-fold) than Up-scaled 2D+Static constructs ( Fig. 5 d,e,f ).
Discussion
In this work, we engineered human cartilaginous tissues within a single bioreactor system, from the introduction of primary chondrocytes freshly isolated from a biopsy, until the generation of a cartilaginous tissue graft. We have shown that the limited number of primary chondrocytes that can be isolated from a small cartilage biopsy, in a size that can be obtained during ACI procedures, can be seeded and extensively expanded directly within a 3D scaffold in a perfusion bioreactor system, eliminating the typical labour-intensive manual process of 2D expansion on plastic flasks/dishes. After switching the operating conditions in the bioreactor to support chondrogenic differentiation, the 3D expanded HAC generated a cartilaginous tissue. Furthermore, we demonstrated that this streamlined tissue engineering process was not only effective to engineer small "research-scale" constructs, but could also be used to generate up-scaled cartilage grafts in a size with clinical relevance.
Previous studies have demonstrated that seeding a high vs. low density of chondrocytes into a scaffold significantly improves chondrogenic differentiation and cartilaginous extracellular matrix deposition (Concaro et al., 2008; Francioli et al., 2010; Moretti et al., 2005) . Therefore, in most cartilage tissue engineering approaches, chondrocytes are extensively expanded in monolayer culture using manual methods in order to obtain sufficient quantities of cells prior to seeding into 3D scaffolds. As an alternative to expanding cells in flasks, a number of studies have assessed the expansion of chondrocytes in 3D bioreactors using collagen-based microcarriers as substrates for proliferation. While extensive proliferation on microcarriers has been achieved by seeding chondrocytes that were previously expanded in 2D on plastic (Bouchet et al., 2000; Frondoza et al., 1996; Surrao et al., 2011) , rather limited expansion (four doublings in four weeks) was reported when primary chondrocytes were seeded and cultured on microcarriers (Schrobback et al., 2011; Schrobback et al., 2012) . Early studies had also indicated that 2D expanded chondrocytes showed some limited signs of redifferentiation when cultured on microcarriers (Bouchet et al., 2000; Frondoza et al., 1996) . However, a number of recent studies have reported that microcarrier-expanded chondrocytes have a rather limited chondrogenic capacity (e.g. ECM production, chondrogenic markers) (Pettersson et al., 2011) , which was similar (Schrobback et al., 2011; Surrao et al., 2011) or even lower (Schrobback et al., 2012) than that of 2D expanded chondrocytes.
In our work, we have demonstrated that HAC could be extensively expanded under perfusion in a 3D mesh while maintaining a high chondrogenic capacity to generate a cartilaginous extracellular matrix. Primary HAC were expanded directly within the 3D scaffold until reaching a sufficiently high cell density before inducing subsequent chondrogenic differentiation. The target cell number for expansion was determined from the cell density previously reported for cell seeding of Hyaff-11 meshes for the manufacturing of cartilage grafts for clinical use (based on seeding 2D expanded cells) (Albrecht et al., 2011) . In subsequent experiments, we have also observed that by seeding 10-fold fewer primary HAC and extending the duration of the proliferation phase, HAC could be expanded on the 3D Hyaff-11 meshes to at least 9 population doublings (data not shown). This opens the perspective of applying the streamlined process for applications when only very small cartilage biopsies can be obtained. We have shown that HAC expanded directly in 3D Hyaff-11 meshes better maintained a chondrogenic phenotype than those expanded for the same culture time on 2D plastic. To better understand the influence of the Hyaff-11 material itself on HAC proliferation, chondrocytes were also expanded on 2D membranes of Hyaff-11. HAC expanded on 2D Hyaff-11 also maintained a more chondrogenic phenotype than when expanded on 2D plastic, however, the effects were less pronounced as compared to expansion on 3D Hyaff-11 meshes under perfusion. While these results may indicate that the biomimetic hyaluronan-based Hyaff-11 material may better support the maintenance of a chondrogenic phenotype, since HAC proliferated slower on 3D Hyaff-11 meshes than on 2D plastic, we cannot exclude that the higher expression of chondrogenic genes was the result of fewer population doublings. Despite the slower proliferation on 3D Hyaff-11 meshes, in all experiments we could obtain a sufficient density of cells to support subsequent chondrogenic differentiation.
Engineered constructs generated by the streamlined process (3D+Perfusion) were significantly more cartilaginous and maintained a more chondrogenic phenotype than constructs generated by conventional manual processes (2D+Static). The observed differences could be due to the more uniform cell seeding distribution resulting from perfusion vs. static seeding, to a better maintenance of the post-expansion differentiation capacity of HAC when expanded in 3D Hyaff-11 meshes, and/or to better controlled culture conditions under perfusion (e.g. enhanced mass transfer) during the differentiation phase. We have previously shown that the static culture of a 3D construct, which was previously uniformly seeded by perfusion, results in a necrotic central region (Wendt et al., 2006) . This demonstrated that even if a uniform distribution of cells was obtained initially, perfusion was necessary to maintain the uniform cell distribution and to generate homogenous extracellular matrix during prolonged culture. In this study, when HAC were first expanded on 2D plastic prior to seeding, we observed that 2D+Perfused constructs were significantly more cartilaginous and had significantly higher expression of collagen II mRNA than 2D+Static constructs, suggesting a significant role of the perfusion bioreactor compared to static conditions during the differentiation phase. These results are consistent with a number of previous studies showing enhanced cartilaginous matrix deposition and/ or chondrogenic differentiation following the perfusion culture of 3D constructs based on 2D expanded cells (Alves da Silva et al., 2010; Concaro et al., 2009; Davisson et al., 2002; Forsey et al., 2012; Shahin and Doran, 2011; Tigli et al., 2011; Wendt et al., 2006) . However, 3D+Perfused constructs stained only slightly more intensely for GAG than 2D+Perfused constructs and with similar intensity for collagen types I and II. Taken together, this suggests that performing the differentiation culture phase in the bioreactor had a greater impact on the quality of the engineered tissues than the expansion phase performed in either 3D or 2D. Despite using human-derived cells and a short differentiation culture time of only 2 weeks, we have shown that hyaline-like cartilage was generated in 3D+Perfused and 2D+Perfused constructs. While animalderived chondrocytes are still commonly used for tissue engineering studies, it is generally accepted that adult human-derived chondrocytes have a far lower chondrogenic capacity than chondrocytes derived from animals. In addition, while other studies commonly report lengthy differentiation culture times of 4 weeks, 6 weeks, or longer, we aimed to establish a process to generate cartilaginous grafts that minimised the culture time with the ultimate perspective of minimising the manufacturing operating costs in costly good manufacturing practice (GMP) facilities. Although we have focused our investigation on characterising the main extracellular matrix components of cartilage (i.e. GAG and collagen II), future work should also assess if 3D expansion of HAC could influence the RNA expression or protein levels of other extracellular matrix molecules (e.g. aggrecan core protein, small leucine-rich proteoglycans, and other collagen types) or of markers of chondrocyte dedifferentiation (e.g. versican, CD90 (Diaz-Romero et al., 2008) ).
After verifying the efficacy of the streamlined cartilage engineering process for generating the small sized 3D+Perfused constructs (i.e. a size typically reported for research purposes), we aimed to further demonstrate the potential applicability of the process to clinical applications by manufacturing large-scale cartilaginous grafts. We previously developed an up-scaled perfusion bioreactor system to engineer up-scaled human cartilage grafts in a size with clinical relevance (Santoro et al., 2010) . Using this bioreactor, we reported that tissues grown in the bioreactor were viable and homogeneously cartilaginous. However, constructs engineered in the bioreactor were based on 2D expanded HAC, and therefore required three weeks of manual monolayer cell culture, limiting the potential regulatory and economic benefits of a bioreactorbased manufacturing process. In the current work, we now show the proof-of-principle that implementing the streamlined process with the up-scaled bioreactor we could engineer large-scale constructs (Up-scaled 3D+Perfused) that were more cartilaginous, more uniform, and had significantly higher expression of collagen II mRNA than large-scale constructs generated by conventional manual processes (Up-scaled 2D+Static). Although Up-scaled 2D+Static had higher ratios of GAG/DNA, it would be misleading to conclude that this method produced more cartilaginous tissues without considering the inhomogeneous GAG deposition and void/necrotic regions within these constructs. This is likely due to the challenge of homogeneously seeding a scaffold with a large surface area, as well as to mass transport limitations to the centre of the construct. Nevertheless, Up-scaled 3D+Perfused constructs stained less intensely for cartilaginous extracellular matrix components than the smaller-scale 3D+Perfused constructs. Although not quantified in this study, it is possible that the amount of GAG and collagen type II released into the culture medium was higher in the up-scaled bioreactor system. Therefore, as optimisation steps are typically required when scaling-up a bioprocess, future work will be aimed at refining the bioreactor design (e.g. scaffold chamber dimensions) and optimising the streamlined process (e.g. controlled at defined oxygen and pH levels) for generating large-scale cartilage grafts. With the perspective of clinical translation, the use of GMP compliant materials (e.g. autologous serum instead of bovine serum) must also be assessed when optimising the streamlined process. Based on the procedures established for an ongoing Phase I clinical trial conducted by our laboratory (Pelttari et al., 2014) , a sufficient volume of autologous serum could be obtained for the bioreactorbased approach presented here.
While the bioreactor-based process imparts a higher level of control over physicochemical culture parameters as compared to the conventional methods, an operatordependent process may allow for well-established inprocess controls that could be challenging to implement within a bioreactor system. During conventional 2D expansion, a technician can assess cell proliferation by simply bringing a tissue culture flask to the microscope and B Tonnarelli et al.
Streamlined production of human cartilage tissues observing the extent of cell growth. Within the bioreactor, cells cannot be observed on the 3D scaffold using such common methods. Therefore, to indirectly monitor cell growth within the bioreactor throughout the proliferation phase, we implemented an oxygen sensor based method to non-invasively estimate the cell number within the 3D scaffolds. The method, previously developed for smallscale constructs engineered with 2D expanded HAC (Santoro et al., 2011) , allowed us to accurately estimate the number of cells within the large-scale constructs, and thus, to determine when the target number of expanded cells had been reached in order to initiate the subsequent differentiation phase. When implemented within a manufacturing process for generating human cartilage grafts for clinical applications, this method could serve as a crucial in-process control and to facilitate compliance with regulatory guidelines. Based on the promising in vitro results presented in this work, cartilage grafts have been generated by our streamlined process in a semi-automated bioreactor-based manufacturing system and are currently being assessed in a large animal study. As cartilage-cartilage integration is a crucial issue for durable long-term joint repair, it will be important to assess the capacity of the implanted engineered graft to integrate with the surrounding native tissue. Moreover, as the grafts have been implanted into a weight bearing site (medial and lateral condyle), we aim to verify whether the "in vivo bioreactor" will drive the remodelling of the engineered grafts into a tissue with the particular structure and composition of native cartilage. Finally, as the chondrocytes used in this study were obtained from cartilage of cadaveric joints, the efficacy of the streamlined approach should be further validated with cells derived from a biopsy that was harvested from an injured joint.
While manufacturing strategies based on conventional manual cell-culture techniques may ultimately be faced with significant regulatory and commercial challenges, automated and closed bioreactor-based production systems have the potential to overcome the limitations associated with conventional manufacturing methods . As an alternative to conventional manual methods, bioreactors that automate and streamline the individual steps of a graft manufacturing process can minimise the amount of manual processing labour required, which could have a profound impact on production costs. In-process monitoring techniques and data management systems, which automatically collect and archive process data, could also significantly reduce labour costs associated with quality control and quality assurance. The use of a closed system bioreactor increases the safety of the process and thereby minimises product loss due to contamination. As cross-contamination risks are minimised, closedsystems also allow greater throughput within a single controlled manufacturing area, increasing the efficiency of costly facility infrastructure. Moreover, considering that cell-based tissue engineered products are currently manufactured within very costly Class-B and Class-A clean room facilities, closed-system bioreactors could potentially be operated under less stringent clean room standards in Class-C (Asnaghi et al., 2014) . This would have considerable impact on production costs by reducing the building, maintenance, and operating costs of the GMP facility (~ 10-fold higher for Class-B compared to Class-C), labour costs (e.g. time for sterile dressing), and capital equipment costs (clothes, equipment, and environmental controls). Taken together, as a result of increased product quality, regulatory compliance, and economic viability of the engineered tissue grafts, the implementation of streamlined bioreactor-based manufacturing processes will likely play a key role in the future translation of these novel therapeutic approaches for wide-spread clinical use.
Conclusions
We have shown that the small number of primary chondrocytes, which could potentially be obtained from a clinically relevant sized cartilage biopsy, can be extensively expanded directly within a 3D porous scaffold within a perfusion bioreactor system, bypassing the conventional method of 2D cell expansion on plastic dishes. After subsequently switching the bioreactor culture conditions to support chondrogenic differentiation, the 3D expanded HAC generated a cartilaginous tissue. Therefore, human cartilaginous tissues could be engineered within a single bioreactor system, from the introduction of primary chondrocytes freshly isolated from a biopsy, until the generation of a cartilaginous tissue graft. Streamlined and robust tissue engineering processes, as the one we describe here, facilitate the establishment of a simple, compact, and closed bioreactor-based production system, which may be key for regulatory compliant and cost-effective manufacturing of cartilage grafts for clinical applications. 
Discussion with Reviewers
Reviewer II: While increasing culture time would increase the ultimate cost of this strategy, enhancing the maturity of the tissue graft at the time of implantation might improve graft response to mechanical stresses in vivo. An improved graft response could, in turn, decrease the period of reduced weight bearing post-operatively and, perhaps, improve long-term stability of repair. To better guide clinical application of this approach, do you think it is worth performing a cost-benefit analysis focused on the duration of tissue maturation time (i.e. under chondrogenic conditions) in vitro, such as within a large animal model?
If so, what parameters should be considered in such an analysis? Authors: These are excellent points that ultimately must be addressed for successful clinical translation. As a first step, we have recently performed a cost analysis of automated vs. conventional manual manufacturing process with varying durations of production (1 to 4 weeks) (Asnaghi et al., 2014) . According to our model, although cost savings associated with an automated manufacturing process are relatively small with a short production time of 1 week, the savings become highly significant with increasing production times. This analysis highlighted the benefits of automated manufacturing, particularly for the generation of more developed tissue grafts. With regard to a comprehensive cost-benefit analysis, we fear this could hardly be carried out using an animal model, as likely parameters to be considered (e.g. duration and cost of physiotherapy, hospitalisation time, long-term stability of outcome scores, need for re-operation) are predominantly of a clinical nature.
Reviewer II: You discuss crucial in-process controls that improve graft consistency and facilitate compliance with regulatory guidelines. In addition to sensing oxygen levels around the graft, what other in-process sensors could aid in the proposed process? For example, is it currently possible to incorporate an in-line measure of soluble GAGs not incorporated into the graft (i.e. downstream of the graft)? Authors: Similar to the non-invasive oxygen sensors used in this study, we are currently using pH sensors to non-invasively monitor pH in the bioreactor throughout the production process. The pH sensors could be used for in-process controls to not only monitor, but to maintain the pH at predefined levels, possibly by feedback driven automated medium exchange. This may not only improve and standardise graft quality, but would provide traceability data to facilitate compliance with regulatory guidelines. In parallel, we are also investigating if the quantity of specific extracellular matrix components (e.g. GAG) released into the culture medium can be correlated to the amounts accumulated within the engineered construct. If such correlations can be validated, we aim to establish non-invasive assessments of graft quality (i.e. for release criteria) in the manufacture of cartilage grafts for clinical applications. However, we are unaware of any methodology to perform these biochemical analyses inline, and therefore, for the time being samples of culture medium are currently assessed off-line.
Reviewer II: Did you notice any changes in graft extracellular matrix composition in the axial direction (i.e. direction of fluid flow)? Do you think that changes to media supplement composition and/or conditioning in the direction of flow could be exploited to create anisotropic grafts that vary in composition with tissue depth, as is the case for normal articular cartilage? Authors: We did not observe specific spatial organisation of cells or matrix indicative of native cartilage in the engineered tissues. Indeed, our objective is to implement a streamlined process to engineer cartilage tissues that are abundant in cartilaginous extracellular matrix, and which could thus be physiologically remodelled once implanted in vivo into a spatially organised and native-like cartilage tissue. Cartilage grafts generated by our streamlined process are currently being assessed in a large animal study. As the grafts have been implanted into a weight bearing site (medial and lateral condyle), we aim to verify whether the "in vivo bioreactor" of the joint will drive the remodelling of the engineered grafts into a tissue with the particular structure and composition of native cartilage. Nevertheless, the reviewer has raised an interesting point. To address this question, bioreactor-based 3D model systems could be used to better understand the influence of specific biochemical and/or mechanical signals on cartilage development. For example, by integrating oxygen sensors into the perfusion bioreactor, as described here, it would be possible to precisely regulate the fluid flow to generate a defined gradient of oxygen across the construct during culture. The oxygen tensions experienced by chondrocytes at the surface and the deep zone of articular cartilage could therefore be simulated in vitro in the perfusion bioreactor to assess a potential effect on anisotropic development.
Reviewer II:
The authors have effectively shown that the process of tissue production can be streamlined in order to minimise handling, cost and cell manipulation. Are there further steps that the authors feel could be taken in order to reduce the time taken to develop tissue for implantation or that could be made towards producing an "off the shelf" product for cartilage repair based on this system? Authors: As discussed in response to Question 2 above, we are currently using pH sensors to non-invasively monitor pH in the bioreactor throughout the production process. Preliminary evidence suggests that chondrocyte proliferation and differentiation can be influenced by maintaining the pH at predefined levels, thereby possibly improving graft quality and/or allowing a reduction the production time. The bioreactor-based streamlined process we have described was developed in order to address challenges associated with the manufacturing of autologous cartilaginous tissue grafts. In addition to the production of living engineered cartilaginous tissues, perfusion bioreactors can also be highly efficient to subsequently devitalise/decellularise the engineered tissues, which could potentially be used as off-the-shelf implants for cartilage repair (reviewed in Bender et al. (2013) and Sutherland et al. (2015) ). Cell seeding, differentiation, and decellularisation could be performed within a single-unit closed and automated bioreactor system for the streamlined production of an off-the-shelf cartilage implant.
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